Solberg Woods LC, Holl K, Tschannen M, Valdar W. Finemapping a locus for glucose tolerance using heterogeneous stock rats. Physiol Genomics 41: 102-108, 2010. First published January 12, 2010 doi:10.1152/physiolgenomics.00178.2009.-Heterogeneous stock (HS) animals provide the ability to map quantitative trait loci at high resolution [Ͻ5 Megabase (Mb)] in a relatively short time period. In the current study, we hypothesized that the HS rat colony would be useful for fine-mapping a region on rat chromosome 1 that has previously been implicated in glucose regulation. We administered a glucose tolerance test to 515 HS rats and genotyped these animals with 69 microsatellite markers, spaced an average distance of Ͻ1 Mb apart, on a 67 Mb region of rat chromosome 1. Using regression modeling of inferred haplotypes based on a hidden Markov model reconstruction and mixed model analysis in which we accounted for the complex family structure of the HS, we identified one sharp peak within this region. Using positional bootstrapping, we determined the most likely location of this locus is from 205.04 to 207.48 Mb. This work demonstrates the utility of HS rats for finemapping complex traits and emphasizes the importance of taking into account family structure when using highly recombinant populations.
HETEROGENEOUS STOCKS (HS) are a powerful tool for rapidly fine-mapping loci involved in complex traits (41) . These animals are originally derived from eight inbred founder strains and then bred for 40 -50 generations in a pattern that aims to minimize inbreeding (1, 16) . The resulting colony represents a random mosaic of the founders, with the distance between recombination approaching 2 cM, enabling rapid fine-mapping of quantitative trait loci (QTLs) (31) . An HS rat stock was developed in 1984 using the following eight inbred founder strains: ACI/N, BN/N, BUF/N, F344/N, M520/N, MR/N, WKY/N, WN/N (16) . Multiple phenotypes have been finemapped using the HS mouse (41) . To date, however, the HS rat colony has only been used to fine-map a single locus for fear-related behavior (18) .
We hypothesized that HS rats would be useful for finemapping a region on rat chromosome 1 that has previously been identified for several metabolic traits, including glucose tolerance, in several linkage studies in the rat (3, 11, 12, 20, 32, 37, 45, 46) . Human linkage and genome-wide association studies for type 2 diabetes have also identified the homologous human region (6, 19, 25) . While many of the previous rat studies have used animal models of diabetes such as the Goto-Kakizaki (GK) or Otsuka Long-Evans Tokushima Fatty rat (11, 12, 20, 32, 46) , this locus has also been mapped for diabetes or glucose tolerance using founders of the HS colony: Wistar Kyoto (WKY) and August Copenhagen Irish (ACI) (37, 45) . These studies indicate that diabetes susceptibility alleles will segregate within the HS rat colony. While the WKY rat has previously been found to exhibit hyperglycemia and glucose intolerance (17, 21) , no information is currently available regarding glucose regulation in the ACI rat.
We demonstrate here that both WKY and ACI strains exhibit glucose intolerance, and that the variation found between HS founders is represented within the HS colony. Using the HS rat colony, we have successfully identified a 2.44 Mb QTL within a 67 Mb region on rat chromosome 1 for glucose tolerance. This locus has not been identified in previous studies, indicating that a novel gene or genes involved in glucose regulation resides within this QTL. In addition, these data support both the complexity of this 67 Mb region, as well as the utility of the HS rat colony for rapidly fine-mapping loci involved in diabetic traits.
METHODS

Animals
Founding inbred substrains. The inbred founders that make up the HS rat colony (ACI/N, BN/SsN, BUF/N, F344/N, M520/N, MR/N, WKY/N, and WN/N) are no longer available from outside vendors. Therefore, all testing was done on the following substrains of the original NIH founders: ACI/Eur, BN/NHsdMcwi, BUF/NHsd, F344/ NHsd, WKY/NHsd. These substrains were chosen based on similarities in origin to the original founders as determined by data obtained from the Rat Genome Database: http://rgd.mcw.edu/strains/. ACI/Eur and BN/NHsdMcwi were obtained from colonies maintained at the Medical College of Wisconsin. BUF/NHsd, F344/NHsd, and WKY/ NHsd were ordered from Harlan Sprague-Dawley (Indianapolis, IN). All experiments were conducted only in males. Three of the strains (M520/N, MR/N and WN/N) can no longer be obtained from outside vendors, so these strains were not tested. All protocols were approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin.
Heterogeneous stock colony. We obtained 25 heterogeneous stock breeding pairs from Dr. Eva Redei's colony at Northwestern University (Chicago, IL). Dr. Redei obtained her colony from Dr. Carl Hansen at the National Institutes of Health (NIH) in 2003. At the time we received the animals, they had been through 55 generations of breeding (50 at the NIH and 5 at Northwestern University). We increased the number of breeding pairs to 46 and have maintained these animals using a rotational breeding strategy to minimize inbreeding (1, 23 Experiments were conducted in 515 NMcwi:HS male progeny from the first four generations of breeders set up at the Medical College of Wisconsin.
Phenotyping Protocol
In both founder substrains and the heterogeneous stock animals, we conducted an intraperitoneal glucose tolerance test (IPGTT) at 16 wk of age. Animals were fasted overnight for 16 Ϯ 1 h. In the morning, a basal sample of blood was taken from the tail and subsequent samples were collected 15, 30, 60, and 90 min after a 1 g/kg body wt glucose injection.
We used the Ascensia Elite system for reading blood glucose values (Bayer, Elkhart, IN). Experiments were conducted over a period of 2 yr in two different buildings (due to a move of the animal facility after phenotypes in less than half of the animals were complete).
Genotyping
Tail samples from the original eight inbred founders were obtained from the NIH. Tail samples for the inbred substrain founders and the HS animals were collected at death. We extracted DNA from the tail tissue using an ethanol extraction procedure.
Original founders, founder substrains, and 515 HS were genotyped using 69 SSLP markers (see Supplementary Table S1 1 ) within a 67 Mb region on rat chromosome 1 (from 200 Mb to 267 Mb). Coordinates of markers are based on rat genome assembly version 3.4. Markers were spaced an average of just under 1 Mb apart. PCR was conducted as previously described (30) and analyzed on the ABI 3730.
Statistical Analysis
A repeated measures ANOVA was used to determine if there were statistical differences between inbred founder substrains for glucose during the IPGTT. Tukey-Kramer was the post hoc test used.
Statistical Genetic Analysis
We fine-mapped QTLs in the region by first inferring the underlying haplotype structure of each rat and then using those inferred haplotype states for an association analysis. Haplotype descent along each HS rat genome was inferred using the haplotype reconstruction method HAPPY (http://www.well.ox.ac.uk/happy/). This method, which has been used extensively to map loci in HS mice (31, 39, 41) , uses a hidden Markov model to calculate the probability of descent from each founder at each genotyped locus. The method then estimates the expected proportion of genetic material originating from each founder for each interval between adjacent markers. The vector of haplotype proportions g i(m) for marker interval m of rat i is then used in place of the raw genotype to characterize variation at the locus. Initial studies using the HAPPY reconstruction method to fine-map in heterogeneous stock mice (31, 39) modeled g i(m) as the predictor in a simple regression model. However, it was recognized that the family structure of the HS, a consequence of the multiple generations needed to create a highly recombinant population suitable for fine-mapping, resulted in a complex correlation structure that led to confounded associations and an excess of false positives when analyzed using that simple model (40, 41) . When whole genome information spanning the genome is available for each animal, these confounded associations can be effectively controlled by modeling multiple QTL associations simultaneously, by variance component modeling or by a combination of the two (40) . When only a region of the genome is genotyped, however, multiple QTL modeling is not applicable. In their fine-mapping of a fear-related locus on a single chromosome, Johannesson et al. (18) overcame this excess of potential false positives by adopting a stricter significance threshold in which family structure is incorporated into the threshold procedure. Here we developed this approach further by including sibship as a random intercept both in the HAPPY regression model (see Ref. 22) and in the threshold procedure (see Ref. 40) .
The phenotype, area under the curve (AUC) of glucose after a glucose challenge, was first log-transformed from a skewed distribution to approximate residual normality. At each locus m we then modeled the effect of genetic variation on the transformed phenotype log(yi) of individual i as
where in the above expression xi(c) is the value of the covariate c for individual i, C is a set of covariates (see below), gi(m) is defined as above for additive and full genetic models (31) , sk[i] is the effect of sibship k to which rat i belongs, sk ϳ N(0, s 2 ) and i ϳ N(0, 2 ) are random intercepts, and all other terms are estimated by the model. We defined C to include the following pretreatment covariates: location (2 buildings), injector (2 injectors), collector (person who collected the blood, 2 collectors), and the number of glucose injections the rat received (1 or 2; a small percentage of animals received a second glucose injection when the initial injection failed to lead to a glucose response). We fitted the model by restricted estimate maximum likelihood (REML) and calculated the nominal significance (as the log 10 P value; logP) of association at each locus by a likelihood ratio test based on the full likelihoods at the REML estimates of the model in Eq. 1 against one that omits locus specific information but retains sibship and other effects (the null model). A region-wide significance threshold was then obtained by repeating the region scan on 200 sets of phenotypes generated by parametric bootstrap from the fitted null model and using the maximum logP's from those scans to fit a generalized extreme value distribution from which the upper 5% quantile was taken as the 5% region-wide significance threshold (18, 41) . All models were fitted using the statistical language R (R- (18) we also performed a region-wide scan by fitting the model in Eq. 1 without the sibship effect s k. Thresholds for this secondary analysis were generated as above, i.e., by generating null phenotypes with a correlation structure based on sibship clustering [as in Johannesson et al. (18)], and, for further illustrative comparison, by permutation.
RESULTS
Phenotyping
Glucose during the IPGTT in HS and founders. Based on a repeated-measures ANOVA in the inbred founder substrains, our results demonstrate a significant effect of strain (F 4, 288 ϭ 30.7, P Ͻ 1 ϫ 10 Ϫ16 ), time point (F 4, 288 ϭ 494.1, P Ͻ 1 ϫ 10 Ϫ16 ), and a strain by time-point interaction (F 16, 288 ϭ 17.7, P Ͻ 1 ϫ 10 Ϫ16 ). ACI and WKY rats exhibit significantly higher levels of glucose at 15, 30, and 60 min after a glucose challenge, while ACI rats continue to exhibit significantly higher levels of glucose 90 min after the challenge, relative to F344, BN, and BUF rats (P Ͻ 0.01, Tukey-Kramer; see Fig. 1A ). WKY and ACI rats are not significantly different from each other at any time point. Glucose values for the 515 HS rats fell generally between the average values for the inbred founder sub-strains for all time points (see Fig. 1B ).
Genetic Analysis
All but one (D1Rat77) of the 69 markers within the 67 Mb region on rat chromosome 1 were informative within the HS population, indicating the founder alleles segregate within the colony. The average heterozygosity in the HS population for these markers was 44%, indicating sufficient genetic diversity for finemapping within this region. These results also highlight the lack of inbreeding that has occurred within the HS rat colony, as least based on results for this region on chromosome 1.
Glucose tolerance. Using haplotype reconstruction and mixed model linear regression, which takes into account sibship relationships, we identified a single sharp peak (marker interval between D1Rat112 and D1Rat323, 206.57-207.48Mb; logPϭ3.52) for Glucose_AUC above the region-wide 5% significance threshold, which were logP ϭ 2.98 and 3.30 for the full and additive models, respectively, where logP is defined as -log10(P value) (see Fig. 2A ). This locus has been named Gluco56 and has Rat Genome Database identification number 2314011.
For comparison with the HS rat study of Johannesson et al. (18), we also analyzed the data using a model that accounted for sibship effects in the thresholds but not the genetic model. Under that analysis model (shown in Fig. 2B ), the logPs are inflated because family structure is not accounted for in the single locus regression, but the thresholds are also made stricter to reflect that inflation (logP ϭ 4.86 and 5.13 for additive and full models). We further calculated thresholds by unrestricted permutation in Fig. 2B to illustrate the inflated significance that would be attributed to peaks in a naïve analysis that ignores family structure (logP ϭ 2.94 and 3.08) (see Ref. 4) . When family structure is absent from the regression model but retained when determining significance thresholds, an additional peak at 220 Mb becomes significant. Given the marginal significance of this association, however, and following Valdar et al. (40) , when possible we prefer the more conservative mixed model for our region-wide scan ( Fig. 2A) .
To estimate how much the location of the single peak varies with respect to finite sampling we performed positional bootstrapping after Visscher et al. (43) . We ran 1,000 positional bootstraps of the region from 200.17-224.42 Mb. This region was chosen to avoid picking up associations from neighboring potential QTL peaks that would otherwise make the confidence interval meaningless. Of the 1,000 bootstrap samples, 623 were strongly associated to the locus as the peak marker interval in Fig. 2A or the interval upstream (darkest color, Fig. 3A ; 205.04 -207.48 Mb). Despite this relative concentration in the 2.44 Mb region, the 95% confidence interval for this region is considerably wider (lightest color in Fig. 3A ; 201.13-216.66 Mb).
To characterize the association at this locus, we performed a one-way ANOVA of the phenotype, Glucose_AUC, against the genotype at the peak marker, D1Rat112. As expected, there is evidence for an effect of genotype on the glucose phenotype (F 9,479 ϭ 4.24, P ϭ 2.7 ϫ 10 Ϫ5 ), as illustrated in Fig. 4 .
DISCUSSION
We have shown that HS rats are a useful tool for rapidly fine-mapping a diabetic trait. We demonstrate here that at least two of the HS founders (ACI and WKY) exhibit glucose intolerance and that HS rats exhibit large variation in response to a glucose challenge. We have used a conservative statistical method to fine-map a 67 Mb region on rat chromosome 1, previously implicated in glucose tolerance and type 2 diabetes. Using this mixed model analysis, which accounts for the complex family structure of the HS, we have identified a novel 2.44 Mb locus within this region. These results indicate that HS rats will be a useful tool for uncovering novel genes involved in diabetes and emphasize the importance of taking into account family structure when analyzing highly recombinant populations.
The statistical method we used accounts for the complex family structure of highly recombinant populations such as the HS. Importantly, HS animals are related to each other by different degrees (sibs, half-sibs, cousins, etc.), and this imposes a cluster structure in the data that, if not accounted for analytically, results in spurious associations in addition to genuine QTLs (13, 40) . A previous study using the HS rat population accounted for family structure by employing a significance threshold that takes into account these family relationships (18) . In the current study, we have developed this approach further by not only taking family into account when determining the significance threshold, but also by including family as a random intercept in the regression model. By employing this conservative technique, we identify a single locus within this chromosome 1 region. When family is not used in the regression model, but instead is used only to determine the significance threshold, one other peak (at 220 Mb) passes the significance threshold. However, as this peak is only marginally significant, we prefer the more conservative mixed-model approach. Potential confirmation of the second peak will require an increase in the number of animals used.
To assign a confidence interval to this single peak, we used positional bootstrapping. Markers within a 2.44 Mb region, between 205.04 and 207.48 Mb, were identified as the peak marker in Ͼ50% of 1,000 bootstrap samples. Neighboring markers spanning the region from 201.13 to 216.66 Mb were identified as the peak marker in the remaining bootstrap samples. However, these neighboring markers were identified at very low frequencies (see Fig. 3 ), thereby strongly suggesting that this QTL most likely lies within the 2.44 Mb region between 205.04 and 207.48 Mb. We have confirmed the strength of the association at this locus using an ANOVA at the peak marker, D1Rat112. This 2.44 Mb region lies at the distal end of a region that has previously been identified for glucose regulation in multiple F2 linkage studies in the rat, including two HS founders (see Fig. 5 ). Recently, congenic and expression studies have shown that multiple loci within this region play a role in glycemic control (5, 7, 10, 15, 26, 44) . Furthermore, the homologous region in humans has been identified in several linkage studies (6, 8, 14, 19, 27, 28, 42, 47) , and three genes in this region have recently been identified in human genome wide association studies (GWAS) (Tcf7l2, HHEX and IDE) (34 -36, 38, 49) . Using the HS rat, we have identified a single 2.44 Mb locus within this region for Glucose_AUC. This novel locus does not overlap fine-mapped loci previously identified using congenic animals of the type 2 diabetic GK rat (5, 10, 15) . Interestingly, however, this locus overlaps a large QTL identified in the ACI founder for type 1 diabetes (45), as well as a locus identified for pancreatic morphology in the type 2 diabetic Lepr fa /Lepr fa WKY rat (3) (see Fig. 5 ). In the current study, we show that the ACI allele (133) appears to confer protection against high glucose at this locus, while both the WKY (161) and F344 (172) alleles associate with glucose intolerance. These results suggest that the F344 allele is acting through transgressive segregation, a relatively common phenomenon (33) . Considering the complexity of this rich region, it is not surprising that using a resource with multiple alleles would uncover a novel locus within this region. We expect that uncovering the causative gene or genes within this region will elucidate a novel gene involved in glucose regulation. The 2.44 Mb region for glucose tolerance contains 62 genes (see Supplementary Table S2) , none of which have previously been identified for type 2 diabetes. Interestingly, several genes in this region play a role in oxidative phosphorylation, a key metabolic pathway in which ATP is produced from glucose and other nutrients. Increasingly, mitochondrial dysfunction has been linked with type 2 diabetes, and the underlying genetic components are only beginning to be understood (2, 24, 29) . Our findings in the HS rat suggest this will be a useful model for uncovering at least some of these genes. The next step in these studies will be to identify the potentially causative gene or genes within this fine-mapped region. While there is still a relatively large number of genes within this locus, the identification of causative genes is facilitated by having eight individual founder strains as opposed to only two, as found in F2 intercrosses or congenic strains. As shown previously, sequence information from the founders can be used to rapidly narrow potential candidate variants (48) , which can then be verified in functional studies (9) .
We have demonstrated that founders of the HS rat colony exhibit a high degree of variation for glucose tolerance, and that this variation is represented within the HS colony. Using a mixed model analysis, which accounts for family structure in the HS colony, we have been able to rapidly fine-map a 2.44 Mb locus involved in glucose tolerance. These results demonstrate the utility of the HS rat for rapidly fine-mapping metabolic traits, as well as emphasize the importance of taking into account family relationships in the analysis.
